). Thus, it is possible that the FHA domain provides tion and that the activity of this domain is dependent a link to cell cycle-dependent phosphorylation events. on the coactivator Ndd1p. Ndd1p was found to be
viously been shown to be recruited to promoters regureciprocal requirement for Fkh2p is not observed (Figure 1D) . lated by the Mcm1p-Fkh2p complex [4, 13] and is essential for the activation of the CLB2 gene cluster [14] . As the The requirement for both Ndd1p and a functional FHA domain for the transcriptional activity of Fkh2(1-254) Mcm1p-Fkh2p complex remains bound to promoters of the CLB2 gene cluster throughout the cell cycle [2], the suggests that Ndd1p might represent a phosphorylation-dependent protein that in turn acts through binding recruitment of additional factors such as Ndd1p might be a key activity of the Fkh2p TAD. We therefore tested to the Fkh2p FHA domain. Hence, we studied the mobility of Ndd1p by SDS-PAGE to investigate whether there whether the activity of the Fkh2p TAD was dependent on the presence of Ndd1p ( Figure 1D) . A requirement was a retarded, slower mobility species that is indicative of cell cycle-dependent phosphorylation. Extracts prefor Ndd1p was demonstrated, as the activity of the GalFkh2(1-254) was reduced to near basal levels in cells pared from cells expressing HA-tagged Ndd1p were analyzed by Western blotting (Figure 2A ). Consistent with lacking Ndd1p. The activity of a Gal-Ndd1p fusion protein was also tested in wild-type and ndd1⌬fkh2⌬ cells previous observations [14] , the levels of Ndd1p were regulated in a cell cycle-dependent manner, and peak and elicited only slightly reduced levels of activation in the ndd1⌬fkh2⌬ cells; this finding demonstrates that a levels were detectable 60 min after release from ␣ factor -1a) , clb5⌬, or clb6⌬ cells that had been blocked in G1 by ␣ factor or in M phase by nocodazole. Little kinase activity was associated with Ndd1p in G1 extracts from all three strains ( Figure 3A,  lanes 1-3) , whereas high levels of kinase activity were observed in nocodazole-blocked cells ( Figure 3A , lanes 4-6). As Ndd1p phosphorylation is not dependent on either Clb5p or Clb6p, we next focused on Clb1p-Clb4p, which act later in the cell cycle. In particular, we wished to study the potential role of Clb2p in Ndd1p phosphorylation, as this has been implicated in regulating its own expression by a positive feedback mechanism [11] . Hence, the Ndd1p precipitation experiment was repeated by using extracts isolated from clb1⌬clb2 To demonstrate that Clb2p-containing complexes are directly responsible for Ndd1p phosphorylation rather than a kinase regulated by Clb2p-kinase complexes, we examined whether the kinase complex(es) precipitated arrest as cells enter the G2 phase ( Figure 2A, lane 3) .
by Ndd1p was thermolabile in an in vitro kinase assay. In addition, a lower-mobility species was detected after Extracts were isolated from wild-type (W303-1a) or 60 min that was still detectable at a reduced level after clb1⌬clb2 ts clb3⌬clb4⌬ cells grown at the permissive 90 min (Figure 2A, lanes 3 and 4) . Treatment of these temperature (and hence contain active Clb2p) and were extracts with phosphatase resolved the mobility of the used for kinase reactions either at the usual temperabands back to their starting position at 30 min and ture, 30ЊC, or at 37ЊC to inactivate Clb2p ( Figure 3C ). thereby demonstrated that the reduced mobility was Efficient phosphorylation of Ndd1p was observed at due to phosphorylation (Figure 2A, lanes 5 and 6) . both reaction temperatures by using extracts isolated To identify the cell cycle-regulated kinase responsible from wild-type cells ( Figure 3C, lanes 1 and 3) . In confor Ndd1p phosphorylation, we first isolated Ndd1p-trast, phosphorylation of Ndd1p was greatly reduced in associated protein kinases at different times during the vitro when extracts isolated from the clb1⌬clb2 Figure 4B, top panel, lanes 1 and 2) . However, upon Clb2p-mediated phosphorylation of Ndd1p, enhanced binding to the wild-type Fkh2(1-458) was observed ( Figure 4B, bottom panel, lanes 1 and 2) . To localize the region(s) of Ndd1p responsible for this phos- Figure 4C) . Moreover, our data are consistent 3761. 7. Zhu, G., Spellman, P.T., Volpe, T., Brown, P.O., Botstein, D., with a recent study that also identified phosphorylation-
